Abstract. Fe-Si alloy with a large Si content of 6.5 wt. % is obtained in nanocrystalline state by mechanical alloying of elemental iron and silicon powders. The mechanical alloying process was carried out using a high energy ball mill in argon atmosphere. Samples were collected after 0.5, 1, 2, 4, 6 and 8 hours of ball milling. The X-ray diffraction (XRD) studies indicate that after 4 hours of milling the Fe-Si alloy is formed. The powder magnetisation decreases upon increasing the milling time up to 4 hours as a consequence of the Fe-Si alloy formation. Upon heating, the DSC studies show the Fe 3 Si compound formation in the samples milled for milling times lower than 6 hours. Also, the Curie temperature of the alloy was evidenced.
Introduction
Fe-Si alloys are used in many applications as magnetic cores due to their combination of low coercivity, high magnetic permeability and low eddy current losses [1] [2] [3] . By adding silicon, the alloy magnetic anisotropy and coercivity decreases, while the electrical resistivity increases resulting in the decrease of eddy current losses, making these alloys suitable for AC applications [4] . Moreover, silicon addition increases the fragility of the material, limiting in practice the amount of Si at 4.5 wt% for sheet obtained by rolling [5] .
Fe-Si alloys, with high Si content and with nanocrystalline grain size, can be produced by various methods: magnetron sputtering, rapid quenching, physical vapour deposition, co-injection, mechanical alloying etc. [6] [7] [8] .
Mechanical alloying is a method for producing materials that are difficult or even impossible to alloy by means of other procedures. It is one of the most used techniques for fabricating nanocrystalline materials [9, 10] .
In addition to our previous study on the synthesis of the Fe-10% Si nanocrystalline powders [11] , in this study we report on obtaining the nanocrystalline Fe-6.5% Si alloy powder by highenergy ball milling process, starting from elemental Fe and Si powders. The structural, thermal and magnetic properties of this Fe-Si alloys were also investigated.
Experimental
A nanocrystalline Fe-Si alloy containing 6.5% wt. Si was obtained by mechanical alloying. Elemental iron (NC 100.24, Höganäs) and silicon (Alfa Aesar) powders were milled together in a Fritch Pulverisette 4 planetary ball mill, under argon atmosphere [11] . The starting mixture, Fe and Si, was homogenized in a Turbula-type apparatus for 15 minutes, thus obtaining the starting sample (ss).
Ball to powder weight ratio was 10:1 and the milling time has been varied up to 8 hours. Samples were collected after 0.5, 1, 2, 4, 6 and 8 hours of ball milling. In order to remove internal stresses induced during milling and to finish the solid state reaction, the as-milled samples were subjected to annealing at 400 °C for 4 hours in an Ar atmosphere.
The evolution of the alloy formation process was investigated by X-ray diffraction (Siemens D5000R). The XRD patterns were recorded in the 20 to 120° (2θ) angular range, using Co K alpha radiation (λ=1.79026 Å).
The differential scanning calorimetry (DSC) curves were recorded on Netzsch DTA404S apparatus using a heating rate of 10 °C/min in argon atmosphere.
The magnetization curves -M(H) -were recorded at 300 K, using the extraction sample method in a continuous magnetic field of up to 10 T. The saturation magnetisation values were derived from the magnetization curves obtained in magnetic field higher than 4 T, after reaching the magnetic saturation of the sample magnetization. Figure 1 shows the X-ray diffraction patterns for the powder milled for 0.5, 1, 2, 4, 6 and 8 hours and for the starting mixture (ss). It can be observed that the silicon peaks disappear from the diffraction patterns after 4 hours of milling, consequently indicating the alloy formation.
Results and discussions
After 4 h of milling, the diffraction peaks are broadened due to the decrease of the crystallite size and the second order internal stress induced by the milling process. The mean crystallite size diminishes with increasing the milling time, toward nanocrystalline range. The heating DSC curves (figure 2) show an exothermic peak at about 450°C, which is due to the forming of the Fe 3 Si alloy during heating, as has been reported for the Fe-10% Si mechanically alloyed powders [11] . The corresponding DSC peak intensity decreases with increasing the milling time, upon alloy formation by milling. The Curie temperature of the alloy is evidenced on the DSC curves as a change in slope curve, marked with arrows in the figure 2. It can also be noted that the Curie temperature decreases from 770°C for the starting sample (Curie temperature corresponding for pure iron) to 700°C for the sample milled for 8 hours. This is also confirmed by thermomagnetic measurements (the results will be published elsewhere). a) b) Fig. 3 
. Room temperature magnetization versus magnetic field for the as-milled powder (a) and
for the milled and subsequently annealed powder at 400°C for 4h (b) . Figure 3 presents the magnetization curves of the mechanically alloyed Fe-Si powder (a) and the mechanically alloyed and annealed powder (b). It can be observed that the magnetization decreases with increasing milling time for the mechanically alloyed sample, while for the mechanically alloyed and subsequently annealed samples, the magnetization increases with increasing milling time.
Fig. 4. Evolution of the powder saturation magnetization versus milling time, recorded at 300K
for the as-milled samples, milled and annealed samples and the arc melted sample. Figure 4 shows the saturation magnetization as a function of milling time for the mechanically alloyed samples, mechanically alloyed and subsequently annealed samples comparison to that of the arc melted sample (used as reference for the magnetic properties of the bulk alloy). The saturation magnetization for the mechanically alloyed samples decreases rapidly until 2 hours of milling; this is due to the progressive alloy formation. After 4 hours of milling, the Fe-Si alloy saturation magnetization present a slight increase, which suggests a possible iron contamination of the powder from the milling equipment [12] . After 8 hours of milling, the saturation magnetization has the same value for the milled samples and the milled and subsequently annealed at 400°C for 4 hours. But for lower milling times, the saturation magnetization of the milled and subsequently annealed samples is lower than for the as-milled samples. This can be due to the formation of Fe 3 Si phase during annealing, a phase with a lower magnetization compared to Fe and Fe-6.5% Si [13] .
Summary
The Fe-Si alloy with a Si content of 6.5 wt. % was successfully synthesized from elemental iron and silicon powders by mechanical alloying. Changes in the saturation magnetization as a function of milling time show a continuous formation of the alloy up to 4 h of milling, followed by an almost stationary stage. By taking into account the X-ray diffraction it can be concluded that the alloy is formed after 8 hours of milling and the nanocrystalline state is achieved. Annealing at 400 °C for 4 hours helps improving the alloy formation at short milling times. The saturation magnetization remains the same after 8 hours of milling for both as-milled and milled and subsequently annealed samples.
